SHP2 (PTPN11) is a protein tyrosine phosphatase (PTP) containing two Src homology-2 domains (N-SH2, C-SH2), a PTP domain, and a carboxyl-terminal region [1] . SHP2 is auto-inhibited by the N-SH2 domain and PTP domain interaction in the basal state. In cancer cells, SHP2 is activated by oncogenic protein tyrosine kinases (PTKs) or gainof-function (GOF) mutations. GOF SHP2 mutations also link to Noonan Syndrome (NS) [2] . SHP2 plays important roles in tumor growth [3, 4] , in oncogenesis driven by PTK oncogenes such as FLT3-ITD in acute myeloid leukemia [5] , and in immune checkpoints mediated by PD-1 or BTLA [6] . GOF SHP2 mutations are found in leukemias, particularly juvenile myelomonocytic leukemia (JMML), and in solid tumors [1] .
SHP2 has been targeted for cancer drug discovery [7, 8] . However, it is challenging to develop potent, selective, and cell-permeable SHP2 inhibitors targeting the PTP catalytic site. Recently, a novel allosteric SHP2 inhibitor (SHP099) was identified [9, 10] . SHP099 binds to a tunnel-like area comprised of all three domains in SHP2 (Fig. 1a ), and stabilizes it in an inactive conformation. Several leukemia cell lines expressing PTK driver oncogenes, such as FLT3-ITD and PDGFRA, were the most sensitive to SHP099 (IC 50 < 10 µM) [10] . However, it was unclear whether SHP099 inhibits SHP2 mutants.
We synthesized SHP099 and tested it in the MV4-11 myeloid leukemia cells [10] . SHP099 potently inhibited MV4-11 cell growth (IC 50 : 0.32 ± 0.11 µM; Supplementary  Figure 1a ), reduced pERK1/2 and Bcl-XL levels, and induced PARP cleavage ( Supplementary Figure 1b) . Thus, SHP099 synthesized by us had activity similar to that reported [10] . SHP2 E76K transformed the GM-CSF-dependent TF-1 myeloid cells into GM-CSF-independent cells, suggesting that SHP2 plays a major role in regulating the survival and proliferation of TF-1 cells [11] . SHP099 inhibited TF-1 cell growth with an IC 50 of 1.73 ± 0.52 µM ( Supplementary  Fig. 1c ) and inhibited active ERK, reduced Bcl-XL, and induced PARP cleavage in these cells (Supplementary Figure 1b ). Thus, TF-1 cells belong to a group of SHP099sensitive cells that have SHP099 IC 50 < 10 µM [10] . SHP099 had little effects in SHP2-knocked out TF-1 cell lines ( Supplementary Figure 1b-d) , demonstrating the specificity of SHP099.
Cancer-associated SHP2 mutations are located mostly in the N-SHP2-PTP domain interface ( Supplementary Figure 2) . Examination of the COSMIC database (http://cancer. sanger.ac.uk/cosmic) indicated that E76, A72, D61/G60, and E69 are the most frequently mutated amino acid residues in the N-SH2 domain ( Supplementary Fig. 2 ). Therefore, we selected p.D61Y, p.E69K, p.A72V, and p.E76K (Supplementary Figure 2) to determine whether SHP099 is effective in inhibiting these common cancer-associated SHP2 mutations.
We previously established SHP2 E76K -expressing TF-1 cells (TF1/SHP2 E76K ) [11] . SHP2 E76K transformed the GM-CSF-dependent TF1 cells into GM-CSF-independence, a property resembling that of leukemic cells from patients with JMML [12] . The SHP2 E76K -induced cytokineindependent TF-1 cell survival is mediated by ERK1/2 and its downstream effector Bcl-XL [11] . Here, we generated SHP2 D61Y , SHP2 E69K , and SHP2 A72V mutations and established stable TF-1 cells expressing these SHP2 mutants ( Fig. 1c ). Like TF1/SHP2 E76K cells, TF1/SHP2 D61Y , TF1/ SHP2 E69K , and TF1/SHP2 A72V cells were able to survive and grow in RPMI-1640/10% FBS medium without supplementation with human GM-CSF.
These cells were then cultured in GM-CSF-free medium and treated with increasing concentrations of SHP099 (0-25 µM). Relative viable cells were measured after 5 days. SHP099 showed marginal effects on TF1/SHP2 E76K , TF1/SHP2 D61Y , and TF1/SHP2 A72V cells (Fig. 1d ). Significantly, SHP099 potently inhibited TF1/SHP2 E69K cell growth with an IC 50 of 1.46 ± 0.46 µM (Fig. 1d ). Cell lysate analyses indicated that SHP099 had little effect on pERK1/ 2 or Bcl-XL levels in TF1/SHP2 D61Y , TF1/SHP2 A72V , and TF1/SHP2 E76K cells. SHP099 also did not induce PARP cleavage in these cells. In contrast, SHP099 reduced pERK1/2 and Bcl-XL in TF1/SHP2 E69K cells, with the corresponding induction of PARP cleavage (Fig. 1e ). These the endogenous wildtype and the exogenous SHP2 mutants. The anti-Flag antibody recognizes the exogenous Flag-tagged SHP2 mutants. d Growth inhibiting activity of SHP099 in the four SHP2 mutant cell lines. Cells were cultured in GM-CSF free medium with indicated concentrations of SHP099 and viable cells were measured on Day 5. e Immunoblot analysis of cell lysates after 2 days of SHP099 treatment results showed that TF1/SHP2 D61Y , TF1/SHP2 A72V , and TF1/SHP2 E76K cells were resistant to SHP099, whereas TF1/SHP2 E69K cells underwent apoptosis in response to SHP099, suggesting that SHP2 E69K is sensitive to SHP099.
In another experiment, we compared sensitivities of SHP099 in methylcellulose cultures [11] of TF1/SHP2 E76K and TF1/SHP2 E69K cells. SHP099 had little effect on cytokine-independent TF1/SHP2 E76K colonies and did not affect their GM-CSF hypersensitivity. In comparison, cytokine-independent colonies were eliminated and the GM-CSF hypersensitivity was lost when methylcellulose cultures of TF1/SHP2 E69K were performed in the presence of SHP099 ( Supplementary Figure 4) .
We next compared inhibition of the wildtype and mutant SHP2 by SHP099 in vitro using recombinant proteins. It was reported that SHP099 displayed the highest potency on slightly activated SHP2 by exposure to low concentrations of an activating peptide analog 2P-IRS-1 [10] . We reasoned that oncogenic SHP2 mutants are partly activated. Therefore, we performed the in vitro inhibition experiments both in the absence of an activating phosphopeptide and in the presence of 1 µM PY627PY659 bisphosphopeptide derived from GAB1 [13] .
SHP099 gave an IC 50 of 0.69 ± 0.25 µM on the wildtype SHP2 in the absence of the activating phosphopeptide. This was lowered to 0.13 ± 0.04 µM in the presence of 1 µM PY627PY659 (Table 1 ). SHP099 displayed low micromolar IC 50 s on SHP2 G61Y , SHP2 A72V , and SHP2 E76K in either the absence or the presence of PY627PY659 (Table 1) . Interestingly, SHP099 showed a sub-micromolar IC 50 of 0.42 ± 0.09 µM on SHP2 E69K . In the presence of 1 µM PY627PY659, the IC 50 of SHP099 against SHP2 E69K increased to 1.1 ± 0.15 µM. However, this was 2-5-fold more potent than inhibition of SHP2 G61Y , SHP2 A72V , or SHP2 E76K (Table 1 ). These data showed that, among the four common SHP2 N-SH2 domain mutations, SHP2 E69K was selectively sensitive to SHP099 inhibition.
Inspection of the SHP2 crystal structure reveals a difference between the E69 residue and the D61/A72/E76 residues ( Fig. 1b, Supplementary Figure 3) . The E69 residue is located on the edge of the N-SH2 domain-PTP domain interface distal to the SHP099 binding site. The sidechain carboxylate of E69 is oriented toward the surface and interacts with the sidechain of K280 of the PTP domain, which also protrudes to the outer surface. In contrast, the D61, A72, and E76 residues are located in the middle of the N-SH2 domain-PTP domain interface and are closer to the SHP099 binding site. The p.E69K mutation, because of its localization on the distal edge of the N-SH2 domain-PTP domain interface, may cause less disturbance to the SHP099 binding tunnel. This may explain why SHP2 E69K is sensitive to SHP099, while the other three mutants are not.
The allosteric SHP2 inhibitor SHP099 represents a breakthrough in the PTP inhibitor field [14] . It had shown in vivo efficacy in inhibiting tumors expressing the wildtype SHP2 [10] , and may be used to block the PD-1 immune checkpoint in T cells [6] . However, whether SHP099 is effective in inhibiting oncogenic SHP2 mutants is an important unanswered question. Our findings here identify SHP2 E69K as a SHP099-sensitive mutation. Three of four most common oncogenic SHP2 mutants studied here are resistant to SHP099. These findings point to a need to further develop SHP099 analogs and identify other allosteric SHP2 inhibitors. For instance, an allosteric inhibitor (Compound-23) specific to the less common SHP2 E76A was reported recently [15] . Moreover, whether NS-associated SHP2 mutants are sensitive to SHP099 remained to be tested. Encouragingly, the most prevalent SHP2 mutant found in NS, SHP2 N308D , is not located in the N-SHP2-PTP domain interface. 
